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Abstract 27 

Despite the growing evidence on the health effects of wildfire smoke in the western U.S., the 28 

nationwide mortality risk and burden attributable to wildfire smoke fine particles (PM2.5) remain 29 

unclear. This study aims to investigate the association between wildfire smoke PM2.5 and 30 

mortality from all causes, cardiovascular diseases, respiratory diseases, and mental disorders, 31 

and calculate the corresponding attributable mortality burden in all 3,108 counties in the 32 

contiguous U.S., 2006–2016. Monthly county-level mortality counts were collected from National 33 

Center for Health Statistics. Wildfire smoke PM2.5 concentration was derived from a 10×10 km2 34 

resolution spatiotemporal model. Controlling for non-smoke PM2.5, air temperature, and 35 

unmeasured spatial and temporal confounders, we found that a 1 µg/m3 increase in smoke PM2.5 36 

was significantly associated with an increase of 0.14% (95% confidence interval [CI]: 0.11%, 37 

0.17%) in all-cause mortality, 0.13% (95% CI: 0.08%, 0.18%) in cardiovascular mortality, 0.16% 38 

(95% CI: 0.07%, 0.25%) in respiratory mortality, and 1.08% (95% CI: 0.93%, 1.23%) in mental 39 

disorder mortality. Smoke PM2.5 contributed to approximately 1,141 all-cause deaths/year (95% 40 

CI: 893, 1,388) in the contiguous U.S., of which over three-fourths were from cardiovascular, 41 

respiratory, and mental causes. We found a higher vulnerability among males than females, 42 

people aged 0 to 64 years than those ≥ 65 years, and racial/ethnic minorities than non-Hispanic 43 

White people. Mild droughts were found to enhance the association between smoke PM2.5 and 44 

mortality. Our results indicate that wildfire smoke PM2.5 harms both physical and mental health, 45 

which suggests the need for more effective wildfire mitigation strategies and public health 46 

responses in the U.S.  47 
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Significance Statement 48 

Wildfires activities have significantly increased in the United States in recent decades. Smoke 49 

pollutants emitted by wildfires, particularly PM2.5, can bring adverse health effects. However, the 50 

nationwide wildfire smoke PM2.5-related mortality risk and burden remain unclear. Utilizing wildfire 51 

smoke PM2.5 and mortality data in the contiguous U.S. from 2006 to 2016, we found significant 52 

associations between smoke PM2.5 and increased mortality risks from all causes, cardiovascular 53 

diseases, respiratory diseases, and mental disorders. Each year, smoke PM2.5 contributed to an 54 

estimated over one thousand deaths in the U.S., indicating a great number of indirect deaths 55 

brought by wildfires that official tolls could not capture. This study demonstrates the detrimental 56 

effects of wildfire smoke PM2.5 on both physical and mental health and calls for more effective 57 

wildfire prevention and mitigation policies in the U.S.  58 
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Main Text 59 

Introduction 60 

Wildfire is a growing public health concern in the United States. The country has witnessed a 61 

marked increase in the area affected by wildfires over the past few decades, with the burned area 62 

roughly quadrupling (1). In recent years, wildfire contributed to up to 25% of fine particulate 63 

matter (PM2.5) across the U.S., and up to half in some Western regions (1). Driven by the 64 

warming climate, the prevalence, frequency, and intensity of wildfire activities are expected to 65 

increase in the future (2). Among the various air pollutants emitted by wildfires, PM2.5 has 66 

received great attention due to its ability to deeply penetrate the respiratory system and 67 

demonstrated links to public health (3). In addition, because of different chemical composition and 68 

smaller particle size, studies suggested that the toxicity of wildfire smoke PM2.5 could be different 69 

from urban background PM2.5, potentially more lethal (4, 5). Previous studies on the health effects 70 

of wildfire smoke mostly focused on the western U.S., where the majority of large fires occurred 71 

(5-7). However, the pollutants from wildfire smoke can travel long distances from the source, 72 

potentially affecting human health thousands of kilometers away outside the West (8).  73 

In recent years, studies consistently reported a positive relationship between wildfire 74 

smoke exposure and all-cause mortality (7, 9, 10). Among specific causes of mortality, respiratory 75 

and cardiovascular diseases received most attention, with growing studies linking human 76 

exposure to wildfire smoke with increased risks of respiratory and cardiovascular mortality (9-11). 77 

However, in addition to the physical health harms, mental health can also be potentially 78 

threatened by wildfire smoke. Some studies have linked wildfires to mental outcomes, such as 79 

anxiety, depression, poor sleep quality, and posttraumatic stress disorder (7, 12, 13), but the 80 

relationship between wildfire smoke and mental disorder mortality was rarely analyzed in previous 81 

studies.  82 

Furthermore, the effects of wildfire smoke PM2.5 can be heterogenous among population 83 

subgroups due to physiological, behavioral, and socioeconomic factors (14). Previous studies 84 

indicated that demographic factors such as sex, age and race/ethnicity may modify the 85 
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association between smoke PM2.5 and health outcomes (9, 14, 15). However, existing research 86 

generated contradictory findings and is insufficient to identify specific subpopulations that are 87 

more susceptible to wildfire smoke exposure (7). For example, a study in Australia reported that 88 

people ≥ 65 years old had higher bushfire smoke-related rates of respiratory hospitalizations 89 

compared to their younger counterparts (16), but another study in North Carolina found that the 90 

association between peat bog wildfire smoke and emergency department visits for chronic 91 

obstructive pulmonary disease, pneumonia, and acute bronchitis were higher among people < 65 92 

years old than those older (17). Greater understanding of susceptibility to wildfire exposure 93 

among specific subgroups is needed to help inform wildfire mitigation policies and address 94 

environmental justice issues. 95 

Besides demographic factors, drought, which often co-occurs with wildfires, may also 96 

serve as an effect modifier. Drought is a complex phenomenon resulting from precipitation 97 

deficiency, high temperature, low relative humidity, and other meteorological and hydrological 98 

factors (18). Studies have shown stronger mortality effects of air pollution at higher air 99 

temperatures and lower humidity levels (19-21), but little is known about whether drought, the 100 

manifestation of the complicated interactions among multiple environmental factors, can enhance 101 

the association between wildfire smoke PM2.5 and mortality.  102 

Constrained by a lack of nationwide validated data on pollutant concentrations 103 

attributable to wildfire smoke, many previous studies on the impact of wildfire smoke on health 104 

outcomes have been focusing on episodes with high wildfire smoke exposure (or smoke wave) 105 

using binary measures of smoke concentrations (22). Recently, a machine learning model was 106 

developed to estimate daily wildfire smoke PM2.5 concentrations for the contiguous U.S., using a 107 

combination of meteorological factors, fire variables, aerosol measurements, and land use and 108 

elevation data (23). This new, high-resolution wildfire smoke PM2.5 dataset (10×10 km2) enabled 109 

us to further examine the impact of wildfire smoke over a full range – from the more common, 110 

low-level smoke concentrations to the increasingly frequent extremely high concentrations. 111 

Utilizing the nationwide wildfire smoke PM2.5 and mortality data, this study aimed to (a) 112 
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estimate the associations of smoke PM2.5 exposure with county-level all-cause mortality and 113 

mortality of cardiovascular and respiratory diseases and mental disorders, (b) calculate the 114 

attributable cause-specific mortality burden from 2006 to 2016, and (c) examine whether the 115 

smoke PM2.5 related mortality risk varies among people of different sex, age, and racial/ethnicity 116 

groups and different levels of drought.   117 
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Results 118 

Description of wildfire smoke PM2.5 and mortality in the contiguous U.S. 119 

From 2006 to 2016, all 3,108 counties in the contiguous U.S. had experienced some 120 

amount of wildfire smoke PM2.5, with the western, north central, and southeastern counties being 121 

exposed to higher monthly average concentrations than other regions (Fig. 1A). Although wildfire 122 

smoke PM2.5 concentrations were generally higher in summer months than in winter months, the 123 

average concentration remained above zero for the majority of the study period (Fig. S1). The 124 

average concentration of smoke PM2.5 across all county-months was 0.39 µg/m3, but the highest 125 

smoke PM2.5 concentration could exceed 70 µg/m3 (e.g., 70.95 µg/m3 levels observed in 126 

September 2012 in Lemhi County, Idaho). A total of 27,812,837 deaths were included in this 127 

study, including 8,826,110 deaths from cardiovascular diseases, 2,713,137 deaths from 128 

respiratory diseases, and 1,364,807 deaths from mental and behavioral disorders (hereafter 129 

referred to as “mental disorders”; Table S1). 130 

 131 

Wildfire smoke PM2.5 related cause-specific mortality risk and mortality burden 132 

The association between smoke PM2.5 and all-cause mortality was found to be near-133 

linear in the linearity test (Fig. S2), so we used a linear term to model this relationship in the main 134 

model. Using a two-way fixed effects (TWFE) model to control for air temperature, non-smoke 135 

PM2.5, and unmeasured spatial and temporal confounders, we found that a 1 µg/m3 increase in 136 

smoke PM2.5 concentration was significantly associated with a 0.14% (95% confidence interval 137 

[CI]: 0.11%, 0.17%) increase in all-cause mortality (Fig. 2A). On average, approximately 1,141 138 

all-cause deaths (95% CI: 893, 1,388) were attributable to smoke PM2.5 in the contiguous U.S. 139 

per year. The spatial distribution of this attributable burden was generally consistent with the 140 

distribution of smoke PM2.5 concentration (Fig. 1B).  141 

As shown in Fig. 2A, for cause-specific mortality, a 1 µg/m3 increase in smoke PM2.5 was 142 

significantly associated with an increase of 0.13% (95% CI: 0.08%, 0.18%) in cardiovascular 143 

disease mortality, 0.16% (95% CI: 0.07%, 0.25%) in respiratory disease mortality, and 1.08% 144 
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(95% CI: 0.93%, 1.23%) in mental disorder mortality. Each year, smoke PM2.5 contributed 145 

approximately 333 deaths from cardiovascular diseases (95% CI: 207, 459), 118 deaths from 146 

respiratory diseases (95% CI: 48, 187), and 417 deaths from mental disorders (95% CI: 360, 147 

473). Among the total wildfire smoke PM2.5-attributable deaths, approximately 76.07% were from 148 

these three specific causes (Fig. 2B).  149 

 150 

Wildfire smoke PM2.5 related all-cause mortality risk in different subgroups 151 

The association between smoke PM2.5 and all-cause mortality varies across different sex, 152 

age, and race/ethnicity groups (Fig. 3). The estimated percent change in all-cause mortality per 1 153 

µg/m3 increase in smoke PM2.5 was significantly higher in males (0.18%; 95% CI: 0.15%, 0.22%) 154 

compared to females (0.10%; 95% CI: 0.06%, 0.14%; p value of difference: 0.002). Compared to 155 

people aged 65 years and above (0.17%; 95% CI: 0.14%, 0.21%), people aged 0 to 64 years 156 

(0.31%; 95% CI: 0.26%, 0.36%) had significantly higher smoke PM2.5 related all-cause mortality 157 

risk (p value of difference: <0.001). In addition, the between-group difference was particularly 158 

evident across race/ethnicity, with non-Hispanic Black people (0.78%; 95% CI: 0.72%, 0.84%) 159 

and Hispanic people (0.69%; 95% CI: 0.64%, 0.74%) significantly more vulnerable than non-160 

Hispanic White people (0.12%; 95% CI: 0.08%, 0.16%; p values of difference: < 0.001). 161 

 162 

Effect modification by drought 163 

From 2006 to 2016, 23.28% of the county-months had mild droughts and 8.68% had 164 

severe droughts, with western and southern counties being exposed most. Fig. 4A & B display 165 

the overlaps of the distribution of mild and severe droughts and wildfire smoke PM2.5 in 166 

contiguous U.S. counties, indicating the prevalent co-occurrence of these two conditions. 167 

Specifically, the western and southern counties experienced the most months with both mild 168 

drought and smoke PM2.5, while severe drought co-occurred with smoke PM2.5 mostly in southern 169 

U.S. counties in Texas, Louisiana, and Florida. 170 

We observed a significant effect modification by drought for the association between 171 
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smoke PM2.5 and all-cause mortality (Fig. 4C). Compared to county-months with no drought 172 

(0.10%; 95% CI: 0.07%, 0.14%), the estimated percent change in all-cause mortality per 1 µg/m3 173 

increase in smoke PM2.5 became significantly higher during mild droughts (0.50%; 95% CI: 174 

0.42%, 0.57%; p value of difference: < 0.001). No significant association was observed when 175 

there were severe droughts. 176 

 177 

Sensitivity analyses 178 

Sensitivity analyses showed that our results generally remained robust when additionally 179 

adjusting for dew point temperature and nitrogen dioxide (NO2) and ozone (O3), not adjusting for 180 

non-smoke PM2.5, using alternative numbers of degree of freedom for air temperature, and 181 

restricting the analysis to counties that have high smoke PM2.5 exposure (≥ 20 μg/m3). The 182 

association between smoke PM2.5 and all-cause mortality tend to be the highest during the 183 

current month and decreasing over the later one and two months.  184 
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Discussion  185 

To the best of our knowledge, this is the first study evaluating the wildfire smoke PM2.5 186 

related cause-specific mortality risk and attributable mortality burden for all ages in the whole 187 

contiguous U.S. Using 11-year full spatial and temporal coverage data, we found that wildfire 188 

smoke PM2.5 exposure was significantly associated with increased mortality risks of all causes, 189 

cardiovascular diseases, respiratory diseases, and mental disorders. Each year, smoke PM2.5 190 

contributed to an estimated more than one thousand all-cause deaths in the contiguous U.S., of 191 

which over three-fourths were from cardiovascular, respiratory, and mental causes. In addition, 192 

males, people aged 0 to 64, racial/ethnic minorities, and those living in mild drought conditions 193 

appeared to be more sensitive to smoke PM2.5 exposure. 194 

Most previous studies have explored the relationship between wildfire and health 195 

outcomes by comparing periods with no fire and periods during or after fire events, or comparing 196 

regions affected by wildfire smoke and unaffected regions (22), which generated effect estimates 197 

that are difficult to directly compare to our estimates. Only a few studies have isolated wildfire-198 

specific PM2.5 from other sources, and used a continuous variable for smoke PM2.5 concentrations 199 

instead of a binary variable to estimate the health effects of smoke PM2.5 (9, 10). Our findings on 200 

the associations between smoke PM2.5 and all-cause, cardiovascular, and respiratory mortality 201 

are consistent with these studies in terms of both magnitude and direction of the estimates. For 202 

example, using a two-stage time-series analysis, a recent multi-country study based on 749 cities 203 

reported that a 1 µg/m3 increase in wildfire-related PM2.5 associated with an increase of 0.19%, 204 

0.17%, and 0.19% in all-cause, cardiovascular, and respiratory mortality, respectively (10). 205 

Despite the different statistical methods and data sources used in our study and this global study, 206 

the estimated effect estimates were roughly similar. 207 

In addition to cardiovascular and respiratory mortality, we found a strong association 208 

between smoke PM2.5 and mortality from mental disorders. In a scoping review, the authors 209 

proposed a multi-level conceptual framework for understanding the pathways connecting wildfire 210 

smoke with mental health and well-being, which includes the interaction among individual, social 211 
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and community networks, living and working conditions, and ecological levels (12). However, 212 

empirical evidence on this topic is still limited. More high-quality studies assessing smoke 213 

exposure independently of other wildfire-related experiences and exploring the specific sub-214 

categories of mental disorders are needed to further explain the observed high smoke PM2.5 215 

related mortality risk from mental disorders. 216 

We reported a higher vulnerability to smoke PM2.5 among males than females, people 217 

aged 0 to 64 than older adults, and non-Hispanic Black and Hispanic people than non-Hispanic 218 

White people. Previous wildfire studies on the most vulnerable subpopulations have been 219 

inconclusive (7, 14). The observed high risks among males and younger population may be 220 

related to occupational and behavioral factors. For example, wildland firefighters, mostly non-221 

elderly males, are at increased risk of lung cancer and cardiovascular disease mortality 222 

regardless of career durations or fire days per year (24). Compared to females and older adults, 223 

males and younger people also tend to spend more time outdoors, resulting in higher exposure to 224 

wildfire smoke (25, 26). Consistent with our finding, racial/ethnic minorities were found to be 225 

vulnerable subgroups in several previous studies (14, 15), which could be explained by pre-226 

existing health conditions and limited access to high-quality healthcare due to structural racism in 227 

the U.S. (27, 28). 228 

A higher association between smoke PM2.5 and mortality was found in counties and 229 

months with mild drought compared to those with no drought. We did not observe a statistically 230 

significant association during severe droughts, possibly due to the relatively small sample size for 231 

this category. This effect modification can be potentially explained by both increased risk of 232 

exposure and higher human susceptibility brought by droughts. First, droughts can produce 233 

conditions that are favorable to dust storms, which increase the distribution and concentration of 234 

particulate matter in the air (13). In addition, drought has been linked to a variety of adverse 235 

health outcomes, such as cardiovascular disease, respiratory diseases, and psychosocial stress 236 

(29-31), leading to higher susceptibility to smoke pollutants. This effect modification by drought 237 
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may be of great importance to public health benefits because both drought and wildfire smoke are 238 

projected to increase in many regions in the coming century (32, 33). 239 

Our study found that about 1,141 deaths per year were contributed by wildfire smoke 240 

PM2.5 in the contiguous U.S., which is over 100 times higher than the recorded wildfire deaths in 241 

the U.S. Billion-dollar Weather and Climate Disasters report by the National Oceanic and 242 

Atmospheric Administration’s National Centers for Environmental Information (10 deaths/year) 243 

(34). This indicates a great number of indirect deaths brought by wildfires that could not be 244 

captured by official tolls. In addition, the U.S. Billion-dollar Weather and Climate Disasters report 245 

estimated that wildfire events cost about 3.1 billion dollars per year in the U.S. (34), but this 246 

estimate does not take into account health care related losses or values associated with loss of 247 

life (35). A recent study reported that the economic value of the health impacts of wildfires could 248 

be in the tens to hundreds of billions of U.S. dollars, but the exposure-response function for the 249 

PM2.5-mortality relationship they used was for all-source PM2.5, not wildfire-specific PM2.5 (36). 250 

Our study suggests a tremendous wildfire smoke-related mortality burden, and our effect 251 

estimates for the relationship between wildfire PM2.5 and mortality could be applied in future 252 

estimations of the wildfire costs. 253 

Some limitations of this study should be noted. First, the wildfire smoke PM2.5 254 

concentrations were modelled and subject to uncertainty. Because direct measurements of the 255 

smoke contribution to PM2.5 pollution are not available, the smoke PM2.5 prediction was based on 256 

PM2.5 anomalies at monitoring stations, which may be an imprecise estimate of the 257 

concentrations from smoke (23). A more accurate exposure assessment of wildfire smoke PM2.5, 258 

especially different chemical components of smoke PM2.5, is needed in the future. Second, we 259 

assumed that the non-smoke PM2.5 was the difference between the all-source PM2.5 and the 260 

smoke PM2.5 concentrations, but they were generated using different methods and may introduce 261 

measurement error. Third, lacking detailed location information, this county-level ecological study 262 

is susceptible to ecological fallacy. We were also unable to analyze the influence of wildfire 263 

evacuation in this study. In addition, although our model specification can account for 264 
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unmeasured confounders that vary only across time or space, the association between smoke 265 

PM2.5 and mortality may be confounded by unmeasured time-varying individual county effects, 266 

such as other wildfire-related pollutants including carbon monoxide. Furthermore, the monthly 267 

resolution of mortality data is not fine enough for us to capture more acute effects of wildfire 268 

smoke within a few days, especially on respiratory outcomes. Finally, there is no standard way to 269 

define and categorize drought. Our findings on the effect modification by drought may be 270 

influenced by different drought definitions and categorizations. 271 

In conclusion, our study estimated the detrimental effects of wildfire smoke PM2.5 on both 272 

physical and mental health in the U.S. With wildfire intensity and frequency anticipated to 273 

increase in the future driven by climate change (2), more effective wildfire preparedness and 274 

mitigation strategies are urgently needed. Public health responses that protect people against 275 

wildfire smoke pollution is crucial both in and outside the areas where the wildfires occur. 276 
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Materials and Methods 277 

Mortality and population data 278 

We obtained mortality data for all 3,108 counties or county equivalents in the contiguous 279 

U.S. from 2006 to 2016 from the National Center for Health Statistics. The mortality dataset 280 

includes the year and month of death, the cause of death (International Statistical Classification of 281 

Diseases and Related Health Problems, 10th Revision [ICD-10] codes), and the sex, age, race, 282 

and ethnicity of each deceased person. Based on the findings from previous studies (7, 14, 22), 283 

this study focused on all-cause mortality (ICD-10 code: A00-Z99) and mortality from three major 284 

specific causes: cardiovascular diseases (I00-I99), respiratory diseases (J00-J99), and mental 285 

and behavioral disorders (F00-F99). For each county, we summarized the monthly mortality 286 

counts for each cause (all-cause, cardiovascular, respiratory, and mental), sex (male and 287 

female), age group (0 to 64, 65 and above), and race/ethnicity (non-Hispanic White, non-Hispanic 288 

Black, and Hispanic). 289 

County-level population data was collected from the Surveillance, Epidemiology, and End 290 

Results Program, National Cancer Institute (37). The total population and population estimate by 291 

sex, age, race, and Hispanic origin were extracted for each county, 2006–2016. Using 292 

anonymized monthly county-level mortality data, this study was determined as a Not Human 293 

Subject research by the Yale Institutional Review Boards (protocol ID: 2000026808). 294 

 295 

Wildfire smoke PM2.5 and other air pollutants 296 

Ambient wildfire smoke PM2.5 estimates for the contiguous U.S. was provided by a recent 297 

study by Childs et al. (23). In brief, station-based ground smoke PM2.5 was defined as anomalies 298 

above the median on days in which wildfire smoke was overhead, then a model was trained to 299 

predict the station-based smoke PM2.5 using meteorological factors, fire variables, aerosol 300 

measurements, and land use and elevation data. Finally, the trained model was applied to 301 

produce daily estimates of smoke PM2.5 over the contiguous U.S. at a resolution of 10×10 km2 302 

(23). This model performed well over the entire range of observed smoke PM2.5, without 303 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

15 

 

saturation at very high daily PM2.5 levels (23). We additionally validated this model against a 304 

recently published wildfire-specific PM2.5 model in California, which applied a novel ensemble-305 

based statistical approach to isolate wildfire-specific PM2.5 from other sources of emissions (38). 306 

This external validation showed a great consistency between the monthly county-level predictions 307 

from these two models in California, 2006–2016, with an R-squared (R2) value of 0.92 and a root-308 

mean-square error (RMSE) of 0.57 µg/m3 (Fig. S3). 309 

Data of daily NO2, O3, and total all-source PM2.5 concentrations at 1×1 km2 resolution 310 

were obtained from the NASA Socioeconomic Data and Applications Center (39-44). Non-smoke 311 

PM2.5 concentrations were calculated by subtracting the smoke PM2.5 from the all-source PM2.5 312 

concentrations. For negative values produced by this subtraction (0.4% of the total observations), 313 

the non-smoke PM2.5 concentrations were recoded as 0. The daily smoke PM2.5, non-smoke 314 

PM2.5, NO2, and O3 concentrations were aggregated into monthly county-level average using 315 

population-weighted averaging to match with the mortality data. The cartographic boundary for 316 

counties in the contiguous U.S. was downloaded from the U.S. Census Bureau’s TIGER/Line 317 

geodatabase (45). 318 

 319 

Meteorological factors and drought 320 

Monthly mean air temperature and mean dew point temperature data at 4×4 km2 were 321 

obtained from the PRISM Climate Group (46). Similar to the air pollution data, we generated 322 

monthly averages for these two variables for each county. 323 

Drought was measured by standardized precipitation evapotranspiration index (SPEI), a 324 

recently developed index considering both precipitation and temperature variables (47). 325 

Compared with other drought indices, SPEI has the advantages of being multi-scalar, reflecting 326 

the responses of different systems based on several water deficit accumulation periods, and 327 

being sensitive to changes in evaporation demand caused by temperature (48). This index has 328 

been increasingly applied in epidemiological studies in recent years to determine the onset, 329 

duration and magnitude of drought conditions (49, 50). 330 
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We extracted SPEI data at one-month timescale with a 0.5 degrees spatial resolution for 331 

each county from the Global SPEI database (51). Based on the severity of drought, we classified 332 

each month of each county into no drought (SPEI ≥ -0.4), mild drought (-1.2 ≤ SPEI ≤ -0.5), and 333 

severe drought (SPEI ≤ -1.3) (50, 52). 334 

 335 

Statistical analysis 336 

We applied a TWFE model with a quasi-Poisson regression to estimate the association 337 

between wildfire smoke PM2.5 exposure and mortality. TWFE model has been increasingly 338 

applied in environmental epidemiology in recent years (53, 54). By introducing the indicators for 339 

each county and each month, TWFE model can potentially control for all spatial confounders that 340 

only vary across counties (e.g., urbanicity) and all temporal confounders that only vary by time 341 

(e.g., seasonality), either measured or unmeasured (55). In our study, the main TWFE model can 342 

be expressed as 343 

lnൣ𝐸൫𝑌௜,௧൯൧ ൌ   𝜇 ൅ 𝛼௜ ൅  𝜃௧ ൅ 𝛽ଵ𝑆𝑚𝑜𝑘𝑒𝑃𝑀ଶ.ହ೔,೟
൅  𝛽ଶ𝑁𝑜𝑛𝑆𝑚𝑜𝑘𝑒𝑃𝑀ଶ.ହ೔,೟

൅ 𝑛𝑠൫𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒௜,௧,  𝑑𝑓 ൌ344 

5൯ ൅ 𝜀௜,௧ ൅  𝑜𝑓𝑓𝑠𝑒𝑡ൣln൫𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛௜,௧൯൧, 345 

where 𝑌௜,௧ represents the number of all-cause or cause-specific deaths in county 𝑖, month 𝑡. 346 

𝑆𝑚𝑜𝑘𝑒𝑃𝑀ଶ.ହ೔,೟
 and 𝑁𝑜𝑛𝑆𝑚𝑜𝑘𝑒𝑃𝑀ଶ.ହ೔,೟

 are the mean smoke PM2.5 and non-smoke PM2.5 347 

concentrations in county 𝑖, month 𝑡. 𝛼௜ refers to time-invariant county effects and 𝜃௧ refers to time-348 

varying effects that are common in all counties. Air temperature was controlled by a flexible 349 

natural cubic spline with five degrees of freedom (df). ln൫𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛௜,௧൯ is an offset term which 350 

represents the natural log of the population in county 𝑖, month 𝑡. 𝜇 is the intercept term and 𝜀௜,௧ is 351 

the error term. We weighted models using the population size in each county to improve the 352 

precision of our estimates (56). The TWFE model requires no unmeasured confounders that 353 

display different temporal variations across counties (i.e., time-varying individual county effects) 354 

(55). Here, we assumed that non-smoke PM2.5 and air temperature are the only candidates of 355 

such confounders.  356 
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Based on the estimated coefficient of 𝑆𝑚𝑜𝑘𝑒𝑃𝑀ଶ.ହ೔,೟
 (𝛽ଵ) for each cause, we calculated 357 

the number of deaths attributable to smoke PM2.5 (AN) using the attributable fraction (AF) 358 

method. Specifically, AF was defined as follows: 𝐴𝐹 ൌ 1 െ 𝑒ିఉభௌ௠௢௞௘௉ெమ.ఱ೔,೟ . AF was then 359 

multiplied by the monthly cause-specific number of deaths to estimate the smoke PM2.5 360 

attributable deaths in each county in each month. 361 

In subgroup analyses, we further estimated the association between smoke PM2.5 and all-362 

cause mortality by sex, age, and race/ethnicity. We also conducted stratified analysis by drought 363 

severity (no drought, mild drought, and severe drought) to investigate its potential modification 364 

effect. We tested the statistical difference in effect estimates between different subgroups and 365 

drought levels by calculating the z score as ൫𝑄෠ଵ െ 𝑄෠ଶ൯/ට൫𝑆𝐸෠ଵ൯
ଶ

൅ ൫𝑆𝐸෠ଶ൯
ଶ
, where 𝑄෠ଵand 𝑄෠ଶ are the 366 

estimates, and 𝑆𝐸෠ଵand 𝑆𝐸෠ଶ are their respective standard errors (57). 367 

Several sensitivity analyses were performed to test the robustness of our results: (a) we 368 

additionally adjusted for NO2, O3, or dew point temperature in the model; (b) we removed non-369 

smoke PM2.5 from the model; (c) an alternative four or six dfs was used in the natural cubic spline 370 

of air temperature; (d) we tested the delayed effects of smoke PM2.5 in the previous one or two 371 

months; and (e) we restricted the analysis to counties that had at least one day with smoke PM2.5 372 

higher than 20 µg/m3. To test the linearity of the relationship between smoke PM2.5 and mortality, 373 

we replaced the linear term of smoke PM2.5 by a natural cubic spline with three dfs in the model 374 

and visualized the estimated curve.  375 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

18 

 

Acknowledgments 376 

Dr. E. Zang received support from the National Institute on Aging (R21AG074238-01), the 377 

National Institute on Minority Health and Health Disparities (1R01MD017298-01), the Research 378 

Education Core of the Claude D. Pepper Older Americans Independence Center at Yale School 379 

of Medicine (P30AG021342), and the Institution for Social and Policy Studies at Yale University. 380 

Dr. Y. Liu received support from the National Institute of Environmental Health Sciences 381 

(1R01ES034175).  382 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

19 

 

References 383 

1. Burke M, et al., The changing risk and burden of wildfire in the United States. Proc Natl 384 
Acad Sci U S A 118(2):e2011048118 (2021). 385 

2. Spracklen DV, et al., Impacts of climate change from 2000 to 2050 on wildfire activity and 386 
carbonaceous aerosol concentrations in the western United States. J Geophys Res 387 
Atmos 114(D20)2009). 388 

3. Kim K-H, Kabir E, & Kabir S, A review on the human health impact of airborne particulate 389 
matter. Environ Int 74:136-143 (2015). 390 

4. Xu R, et al., Wildfires, global climate change, and human health. N Engl J Med 391 
383(22):2173-2181 (2020). 392 

5. Liu JC, et al., Wildfire-specific fine particulate matter and risk of hospital admissions in 393 
urban and rural counties. Epidemiology 28(1):77 (2017). 394 

6. Heft-Neal S, Driscoll A, Yang W, Shaw G, & Burke M, Associations between wildfire 395 
smoke exposure during pregnancy and risk of preterm birth in California. Environ Res 396 
203:111872 (2022). 397 

7. Reid CE, et al., Critical review of health impacts of wildfire smoke exposure. Environ 398 
Health Perspect 124(9):1334-1343 (2016). 399 

8. O’Dell K, et al., Estimated mortality and morbidity attributable to smoke plumes in the 400 
United States: Not just a western US problem. GeoHealth 5(9):e2021GH000457 (2021). 401 

9. Ye T, et al., Short-term exposure to wildfire-related PM2.5 increases mortality risks and 402 
burdens in Brazil. Nat Commun 13(1):1-9 (2022). 403 

10. Chen G, et al., Mortality risk attributable to wildfire-related PM2.5 pollution: a global time 404 
series study in 749 locations. Lancet Planet Health 5(9):e579-e587 (2021). 405 

11. Chen H, Samet JM, Bromberg PA, & Tong H, Cardiovascular health impacts of wildfire 406 
smoke exposure. Part Fibre Toxicol 18(1):1-22 (2021). 407 

12. Eisenman DP & Galway LP, The mental health and well-being effects of wildfire smoke: a 408 
scoping review. BMC Public Health 22(1):1-17 (2022). 409 

13. Bell JE, et al., Changes in extreme events and the potential impacts on human health. J 410 
Air Waste Manag Assoc 68(4):265-287 (2018). 411 

14. Kondo MC, et al., Meta-analysis of heterogeneity in the effects of wildfire smoke 412 
exposure on respiratory health in North America. Int J Environ Res Public Health 413 
16(6):960 (2019). 414 

15. Liu JC, et al., Who among the elderly is most vulnerable to exposure to and health risks 415 
of fine particulate matter from wildfire smoke? Am J Epidemiol 186(6):730-735 (2017). 416 

16. Morgan G, et al., Effects of bushfire smoke on daily mortality and hospital admissions in 417 
Sydney, Australia. Epidemiology 21:47-55 (2010). 418 

17. Rappold AG, et al., Peat Bog Wildfire Smoke Exposure in Rural North Carolina Is 419 
Associated with Cardiopulmonary Emergency Department Visits Assessed through 420 
Syndromic Surveillance. Environ Health Perspect 119(10):1415-1420 (2011). 421 

18. National Drought Mitigation Center, Drought In-depth.   (2022). 422 
19. Chen K, et al., Two-way effect modifications of air pollution and air temperature on total 423 

natural and cardiovascular mortality in eight European urban areas. Environ Int 116:186-424 
196 (2018). 425 

20. Li J, et al., Modification of the effects of air pollutants on mortality by temperature: a 426 
systematic review and meta-analysis. Sci Total Environ 575:1556-1570 (2017). 427 

21. Leitte AM, et al., Respiratory health, effects of ambient air pollution and its modification 428 
by air humidity in Drobeta-Turnu Severin, Romania. Sci Total Environ 407(13):4004-4011 429 
(2009). 430 

22. Liu JC, Pereira G, Uhl SA, Bravo MA, & Bell ML, A systematic review of the physical 431 
health impacts from non-occupational exposure to wildfire smoke. Environ Res 136:120-432 
132 (2015). 433 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

20 

 

23. Childs ML, et al., Daily local-level estimates of ambient wildfire smoke PM2.5 for the 434 
contiguous US. Environ Sci Technol 56(19):13607-13621 (2022). 435 

24. Navarro KM, et al., Wildland firefighter smoke exposure and risk of lung cancer and 436 
cardiovascular disease mortality. Environ Res 173:462-468 (2019). 437 

25. Matz CJ, et al., Effects of age, season, gender and urban-rural status on time-activity: 438 
CanadianHuman Activity Pattern Survey 2 (CHAPS 2). Int J Environ Res Public Health 439 
11(2):2108-2124 (2014). 440 

26. Kerr J, et al., The relationship between outdoor activity and health in older adults using 441 
GPS. Int J Environ Res Public Health 9(12):4615-4625 (2012). 442 

27. Van Horne YO, et al., An applied environmental justice framework for exposure science. 443 
J Expo Sci Environ Epidemiol 2022). 444 

28. Seltenrich N, The one-two-three punch: exposure, susceptibility, and disease burden 445 
among U.S. populations of color. Environ Health Perspect 130(3):034001 (2022). 446 

29. Sugg M, et al., A scoping review of drought impacts on health and society in North 447 
America. Clim Change 162(3):1177-1195 (2020). 448 

30. Berman JD, Ebisu K, Peng RD, Dominici F, & Bell ML, Drought and the risk of hospital 449 
admissions and mortality in older adults in western USA from 2000 to 2013: a 450 
retrospective study. Lancet Planet Health 1(1):e17-e25 (2017). 451 

31. Berman JD, et al., The association between drought conditions and increased 452 
occupational psychosocial stress among US farmers: An occupational cohort study. Sci 453 
Total Environ 798:149245 (2021). 454 

32. Ford B, et al., Future fire impacts on smoke concentrations, visibility, and health in the 455 
contiguous United States. GeoHealth 2(8):229-247 (2018). 456 

33. IPCC (2021) Climate Change 2021: The Physical Science Basis. Contribution of Working 457 
Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate 458 
Change (Cambridge University Press, Cambridge, United Kingdom and New York, NY, 459 
USA). 460 

34. NOAA National Centers for Environmental Information (NCEI), U.S. Billion-Dollar 461 
Weather and Climate Disasters.   (2023). 462 

35. Smith AB & Katz RW, US billion-dollar weather and climate disasters: data sources, 463 
trends, accuracy and biases. Nat Hazards 67(2):387-410 (2013). 464 

36. Fann N, et al., The health impacts and economic value of wildland fire episodes in the 465 
U.S.: 2008–2012. Sci Total Environ 610-611:802-809 (2018). 466 

37. The SEER Program, U.S. County Population Data - 1969-2020.   (2022). 467 
38. Aguilera R, et al., A novel ensemble-based statistical approach to estimate daily wildfire-468 

specific PM2.5 in California (2006-2020). Environ Int 171:107719 (2023). 469 
39. Di Q, et al., Daily and Annual PM2.5 Concentrations for the Contiguous United States, 1-470 

km Grids, v1 (2000 - 2016).  (NASA Socioeconomic Data and Applications Center 471 
(SEDAC), Palisades, New York) (2021). 472 

40. Di Q, et al., Assessing NO2 concentration and model uncertainty with high 473 
spatiotemporal resolution across the contiguous United States. Environ Sci Technol 474 
54(3):1372-1384 (2019). 475 

41. Di Q, et al., Daily and Annual NO2 Concentrations for the Contiguous United States, 1-476 
km Grids, v1 (2000 - 2016).  (NASA Socioeconomic Data and Applications Center 477 
(SEDAC), Palisades, New York) (2022). 478 

42. Requia WJ, et al., An ensemble learning approach for estimating high spatiotemporal 479 
resolution of ground-level ozone in the contiguous U.S. Environ Sci Technol 480 
54(18):11037-11047 (2020). 481 

43. Requia WJ, et al., Daily 8-Hour Maximum and Annual O3 Concentrations for the 482 
Contiguous United States, 1-km Grids, v1 (2000 - 2016).  (NASA Socioeconomic Data 483 
and Applications Center (SEDAC), Palisades, New York) (2021). 484 

44. Di Q, et al., An ensemble-based model of PM2.5 concentration across the contiguous 485 
United States with high spatiotemporal resolution. Environ Int 130:104909 (2019). 486 

45. United States Census Bureau, Cartographic Boundary Files.   (2019). 487 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

21 

 

46. PRISM Climate Group, PRISM Climate Data Recent Years (Jan 1981 - Jan 2022).  488 
(Oregon State University,) (2016). 489 

47. Vicente-Serrano SM, Beguería S, & López-Moreno JI, A multiscalar drought index 490 
sensitive to global warming: the standardized precipitation evapotranspiration index. J 491 
Clim 23(7):1696-1718 (2010). 492 

48. Vicente-Serrano SM, et al., Performance of drought indices for ecological, agricultural, 493 
and hydrological applications. Earth Interact 16(10):1-27 (2012). 494 

49. Salvador C, et al., Drought effects on specific-cause mortality in Lisbon from 1983 to 495 
2016: Risks assessment by gender and age groups. Sci Total Environ 751:142332 496 
(2021). 497 

50. Wang P, Asare E, Pitzer VE, Dubrow R, & Chen K, Associations between long-term 498 
drought and diarrhea among children under five in low-and middle-income countries. Nat 499 
Commun 13(1):1-10 (2022). 500 

51. Beguería S, Vicente-Serrano SM, Reig F, & Latorre B, Standardized precipitation 501 
evapotranspiration index (SPEI) revisited: parameter fitting, evapotranspiration models, 502 
tools, datasets and drought monitoring. Int J Climatol 34(10):3001-3023 (2014). 503 

52. Federal Office of Meteorology and Climatology MeteoSwiss, Calculation of SPI and SPEI.   504 
(2018). 505 

53. Wang Y, et al., Estimating causal effects of long-term PM2.5 exposure on mortality in 506 
New Jersey. Environ Health Perspect 124(8):1182-1188 (2016). 507 

54. Renzi M, et al., Long-term PM10 exposure and cause-specific mortality in the Latium 508 
Region (Italy): a difference-in-differences approach. Environ Health Perspect 509 
127(6):067004 (2019). 510 

55. Goodman-Bacon A, Difference-in-differences with variation in treatment timing. J Econom 511 
225(2):254-277 (2021). 512 

56. Zang E & Kim N, Intergenerational upward mobility and racial differences in mortality 513 
among young adults: Evidence from county-level analyses. Health Place 70:102628 514 
(2021). 515 

57. Chen K, et al., Triggering of myocardial infarction by heat exposure is modified by 516 
medication intake. Nat Cardiovasc Res 1(8):727-731 (2022). 517 

  518 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted February 1, 2023. ; https://doi.org/10.1101/2023.01.31.23285059doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.31.23285059
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

22 

 

Figures 519 
 520 

 521 
Fig. 1. Map of monthly county-level mean wildfire smoke PM2.5 concentration and annual 522 
average attributable all-cause mortality burden in the contiguous U.S., 2006–2016. A: The 523 
distribution of monthly mean smoke PM2.5 in contiguous U.S. counties (µg/m3). B: The distribution 524 
of annual average all-cause mortality burden attributable to wildfire smoke PM2.5 in contiguous 525 
U.S. counties (deaths per 1,000,000 people). 526 
 527 
 528 
  529 
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 530 

 531 
 532 
Fig. 2. Association between wildfire smoke PM2.5 and cause-specific mortality risk and 533 
annual average attributable cause-specific mortality burden. A: estimated percentage 534 
changes in monthly mortality per 1 µg/m3 increase in smoke PM2.5 concentration, for all-cause 535 
mortality, cardiovascular disease mortality, respiratory disease mortality, and mental disorder 536 
mortality. The error bars indicate 95% confidence intervals. B: estimated annual average mortality 537 
burden attributable to smoke PM2.5, for all causes, cardiovascular diseases, respiratory diseases, 538 
and mental and behavioral disorders. The numbers in parentheses are 95% confidence intervals. 539 
 540 
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 542 
Fig. 3. Percent change in all-cause mortality associated with a 1 µg/m3 increase in smoke 543 
PM2.5 for each subgroup. This figure shows the estimated associations between each 1-µg/m3 544 
increase in smoke PM2.5 concentration and all-cause mortality risks for different sex, age, and 545 
race/ethnicity groups. Based on the z score calculated using the coefficients and standard errors 546 
for different subgroup, we tested the statistical difference in effect estimates among different sex, 547 
age, and race/ethnicity groups, using males, people aged 0 to 64 years, and non-Hispanic White 548 
people as the reference group. 549 
  550 
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 551 

 552 
Fig. 4. Distribution of smoke PM2.5 and drought and effect modification by drought. A, B: 553 
This bivariate choropleth map shows the percentage of months with non-zero smoke PM2.5 554 
concentrations and the percentage of months with mild (A) or severe (B) drought in each 555 
contiguous U.S. county, from 2006 to 2016. C: The estimated percent changes in all-cause 556 
mortality per 1 µg/m3 increase in smoke PM2.5 concentration when there was no drought (86.03% 557 
county-months), mild drought (23.28% county-months), or severe drought (8.68% county-558 
months). Based on the z score calculated using the coefficients and standard errors for different 559 
levels of drought, we tested the statistical difference in effect estimates between different drought 560 
levels, using no drought as the reference. 561 
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